Abstract
Introduction

37
Atmospheric rivers (ARs) are narrow corridors of water vapor, usually with a length of 2000 km 38 or more, that account for over 90% of the meridional moisture transport associated with storm 39 tracks in the extratropical atmosphere [Zhu and Newell, 1998 ]. During winter, AR induced 40 precipitation could account for 15-30% of the total precipitation in Europe and western US 41 [Lavers and Villarini, 2015] . In northwestern US, ARs contribute to 25-55% of extreme 42 precipitation [Rutz et al., 2014] . Because of their importance to floods and water resources, ARs 43 have been extensively studied in the last decade [Gao et al., 2015; Hagos et al., 2015; Lavers 44 and Villarini, 2015; Leung and Qian, 2009; Neiman et al., 2011; Ralph and Dettinger, 2012; 45 Ralph et al., 2006] .
46
As prominent features over the Pacific Ocean, ARs that make landfall in the west coast of North
47
America have been investigated both in the context of historical climatology and extreme events 48 [Neiman et al., 2011; Ralph and Dettinger, 2012; Ralph et al., 2006] and future changes under 49 climate warming [Gao et al., 2015; Payne and Magnusdottir, 2014] . Neiman [2008] and Gao et 50 al. [2015] found higher number of ARs in the cool (warm) season in the southern (northern) 51 coast. Changes in AR frequency in the future are closely related to changes in water vapor as 52 well as atmospheric circulation, both strongly modulated by global warming [Barnes and 53 Polvani, 2013] . In particular, changes in the winds associated with AR moisture transport were 54 found to predominantly counter the effects of increasing water vapor that substantially increases 55 the frequency of landfalling ARs in western North America [Gao et al., 2015] . However, with a 56 poleward shift of the storm tracks, wind changes could also increase AR days in the high 57 latitudes such as coastal Alaska in spring time.
58
In the North Atlantic, Lavers et al. [2013] investigated the dynamical and thermodynamical 59 modulations of future landfalling ARs in the United Kingdom (50-60°N) and found that the 60 increase of future winter AR is mainly a result of thermodynamical effect whereas dynamical 61 effect plays very little role. However, similar to AR frequency in western North America, the 62 number of AR days in western Europe could vary dramatically by seasons and locations. Thus, 63 to fully understand the changes of North Atlantic ARs that make landfall in Europe and the 64 driven mechanism, this study investigates the seasonal changes in AR days and extreme 
69
In what follows, we first investigate the seasonality of landfalling ARs over Europe and examine 
Data and method
75
In this study, the same 24 CMIP5 models used by Gao et al. [2015] and listed in Table S1 of the [Moss et al., 2010; Vuuren et al., 2011] 1000 hPa to 500 hPa and daily total precipitation from CMIP5 and the reanalysis data.
90
The vertically integrated vapor transport (IVT) is estimated by integrating the moisture transport 91 between the 1000 hPa and 500 hPa pressure levels as
where g represents the gravitational acceleration, q represents the layer mean specific humidity,
94
represents zonal wind and represents meridional wind.
95
Following [Gao et al., 2015; Lavers and Villarini, 2013; Lavers et al., 2012] days increase between 127% and 275%.
158
To investigate the thermodynamical and dynamical contributions to the increase of AR days, a 159 scaling method is used to separate the effects of changes in water vapor and winds that influence 160 the IVT. As described in detail in Gao et al. [2015] and briefly summarized here, we rescaled the 161 water vapor simulated for the present climate by a factor of
, where !! and !! are the 
268
The analysis presented above shows that ARs contribute more to seasonal total and extreme 269 precipitation compared to other precipitation systems in a warmer climate. To understand the 270 changes in AR precipitation, Figure 10 shows the percentage changes in AR total and extreme 271 precipitation and the corresponding changes in IVT for winter. Lavers et al. [2014] showed that 272 in Europe, AR induced precipitation is highly correlated with the IVT, particularly in 273 mountainous regions where moisture flux convergence from orographic uplift is quasi-stationary.
274
In particular, IVT may be a useful proxy for moisture flux convergence upwind of mountains.
275
Hence a comparison between the changes in precipitation and IVT may provide some insights on 276 potential changes in AR related precipitation processes in a warmer climate. Most areas in
277
Europe are marked by large percentage increases in total precipitation of above 100% (Fig. 10a) .
278
The changes are particularly significant in central Europe near 50 o N. Changes in IVT (Fig. 10c) 
279
generally follow a similar spatial pattern, except they are more modest especially in central
280
Europe suggesting possible changes in precipitation processes. Compared to the changes in AR 281 total precipitation (Fig. 10a) , the increases in AR extreme precipitation (Fig. 10b) are generally 282 smaller, and more comparable to the changes in AR extreme IVT (Fig. 10d) .
283
To delineate the contributions to changes in AR precipitation from changes in AR precipitation 284 frequency versus precipitation intensity, Figure 11 shows the same changes corresponding to climate. However, decreases in AR precipitation intensity (Fig. 11a) are notable in Portugal,
294
Spain, and Morocco, despite increases in IVT intensity corresponding to warming in the future.
295
Similar results are also obtained for the fall season when ARs also occur frequently.
296
Comparing the percentage changes in AR total (Fig. 11a ) and extreme precipitation (Fig. 11b) 297 intensity, changes in the latter are generally much smaller. An even more striking difference 298 between the two is that while AR total precipitation intensity (Fig. 11a) is mostly amplified 299 compared to the IVT (Fig. 11c ) changes, the increases in AR extreme precipitation (Fig. 11b) 300 16 intensity are overall subdued compared to the extreme IVT (Fig. 11d) changes. In Portugal,
301
Spain, and France, AR extreme precipitation intensity (Fig. 11b) increases by less than 5% 302 compared to increases of up to 20% in the extreme IVT (Fig. 11d) . In the Scandinavian 303 mountains and the Alps, AR extreme precipitation intensity (Fig. 11b) 
Discussions and Conclusions
308
This study investigates the landfalling atmospheric rivers over western Europe in the present and 
318
A poleward shift of the annual mean jet position in a warmer climate has been identified in 319 several generations of coupled climate simulations [Barnes and Polvani, 2013; Kidston and 320 Gerber, 2010; Miller et al., 2006; Swart and Fyfe, 2012; Yin, 2005] . Despite the rather robust 321 tendency for the poleward shift, models disagree on the extent of the poleward shift and the 322 eastward extension of the jet that results in large uncertainty in projecting regional precipitation 323 changes in the extratropics [Langenbrunner et al., 2015; Neelin et al., 2013] . The dependence of
324
ARs on the jet stream has been demonstrated for ARs in aquaplanet simulations [Hagos et al., 325 2015] and ARs making landfall in western North America [Gao et al., 2015; Hagos et al., 2016] . hemisphere [Grise and Polvani, 2014; Kidston and Gerber, 2010] . In the North Atlantic, we 340 found similar correlations for winter and spring. With the overall equatorward bias in the jet 341 position in CMIP5, the projected future jet positions are predominantly poleward shifted.
342
Recognizing the relationships between the jet positions and AR frequency, we tested the use of AR days at the equatorward side of the mean jet by the CMIP5 MME should be adjusted upward, 347 in addition to the larger associated with water vapor increases in the future.
348
For an emergent constraint to be effective, the empirical relationship between inter-model et al., 2014; O'Gorman and Schneider, 2009] The "•" marked inside the box indicates the CMIP5 MME mean. The number of atmospheric 587 rivers from the four reanalysis data sets is marked with triangles, i.e., CFSR (blue), ERA- for present (1975-2004, black) and future climate conditions in RCP8.5 (2070 RCP8.5 ( -2099 . Also
599
shown are the numbers of AR days from rescaling of the future IVT by the present IWV 600
